Thymidylate kinase (TMK) is a key enzyme which plays an important role in DNA synthesis. It belongs to the family of nucleoside monophosphate kinases, several of which undergo structure-encoded conformational changes to perform their function. However, the absence of threedimensional structures for all the different reaction intermediates of a single TMK homolog hinders a clear understanding of its functional mechanism. We herein report the different conformational states along the reaction coordinate of a hyperthermophilic TMK from Aquifex aeolicus, determined via X-ray diffraction and further validated through normalmode studies. The analyses implicate an arginine residue in the Lid region in catalysis, which was confirmed through site-directed mutagenesis and subsequent enzyme assays on the wild-type protein and mutants. Furthermore, the enzyme was found to exhibit broad specificity toward phosphate group acceptor nucleotides. Our comprehensive analyses of the conformational landscape of TMK, together with associated biochemical experiments, provide insights into the mechanistic details of TMK-driven catalysis, for example, the order of substrate binding and the reaction mechanism for phosphate transfer. Such a study has utility in the design of potent inhibitors for these enzymes.
Thymidylate kinase (TMK) is a key enzyme which plays an important role in DNA synthesis. It belongs to the family of nucleoside monophosphate kinases, several of which undergo structure-encoded conformational changes to perform their function. However, the absence of threedimensional structures for all the different reaction intermediates of a single TMK homolog hinders a clear understanding of its functional mechanism. We herein report the different conformational states along the reaction coordinate of a hyperthermophilic TMK from Aquifex aeolicus, determined via X-ray diffraction and further validated through normalmode studies. The analyses implicate an arginine residue in the Lid region in catalysis, which was confirmed through site-directed mutagenesis and subsequent enzyme assays on the wild-type protein and mutants. Furthermore, the enzyme was found to exhibit broad specificity toward phosphate group acceptor nucleotides. Our comprehensive analyses of the conformational landscape of TMK, together with associated biochemical experiments, provide insights into the mechanistic details of TMK-driven catalysis, for example, the order of substrate binding and the reaction mechanism for phosphate transfer. Such a study has utility in the design of potent inhibitors for these enzymes.
Introduction
Phosphoryl transfer reactions are crucial in many cellular pathways and are catalyzed by a large group of enzymes known as kinases [1] . Among these, the nucleoside monophosphate kinase (NMPK) family of enzymes is associated with the reversible transfer of the terminal phosphoryl group from a nucleoside triphosphate (NTP; usually adenosine triphosphate, i.e., ATP) to a nucleoside monophosphate (NMP). Nucleoside diphosphates, the catalytic product, are then converted by nucleotide metabolism enzymes to NTPs, which are DNA and RNA precursors. The NMPK family includes several enzymes like adenylate kinase (AMK), guanylate kinase (GMK), uridylate kinase (UMK), cytidylate kinase, and thymidylate kinase (TMK), which differ in the identity of the NMP substrate recognized [2, 3] . These enzymes all share a common Rossmann fold [4] with a highly conserved P loop, Lid domain, CORE domain, and NMP domain [5] . NMPKs are essential enzymes and have, therefore, been identified as potential therapeutic targets [5] .
Thymidylate kinase (TMK, EC 2.7.4.9) is an important enzyme in the NMPK family. It catalyzes the phosphorylation of thymidine monophosphate (dTMP) to thymidine diphosphate (dTDP) with ATP as the preferred phosphoryl donor and in the presence of Mg 2+ ion. It occurs at the junction of the de novo and salvage pathways for thymidine triphosphate (dTTP) synthesis [6] and has been explored as a therapeutic target for the development of antibacterial, antiparasitic, and anticancer drugs [7] . There are two classes of TMK sequences depending on the presence of an Arg residue in the P loop which interacts with the bound ATP (Type I) or its absence therein (Type II) [8] . Type I TMK sequences are observed in yeast, human, and Plasmodium, while Type II sequences include TMKs from Escherichia coli and the archaea Sulfolobus tokodaii. In Type II sequences, the aforementioned Arg in the P loop is substituted by a Gly residue, while basic residues from the Lid are involved in interactions with the ATP molecule.
The conformational spaces of different NMPKs like AMK, GMK, and UMK have been explored using several approaches like NMR, X-ray crystallography, and molecular dynamics simulations. These studies depicted the presence of considerable interdomain movements [9] [10] [11] [12] during different steps of catalysis like substrate binding, phosphoryl transfer, product formation, and product release. An in-depth understanding of the catalytic steps at the molecular level is very useful in designing potent inhibitors for these enzymes.
To the best of our knowledge, a comprehensive analysis of the conformational landscape of TMKs has proven to be elusive. Of the approximately 80 crystal structures of TMKs available in the Protein Data Bank (PDB) [13] , very few are of the apo form of the enzyme. Moreover, the Lid region is often found to be disordered in the absence of a bound ligand at the active site [14] . These factors hinder comparative structural analyses of the apo and holo (substrate bound, transition state, and product bound) forms of the enzyme [15] . A study on human TMK (HsTMK) provided insights into the phosphoryl transfer mechanism based on multiple crystal structures complexed with TMK substrates and its analogs [15] . However, no structural information could be obtained for the enzyme in the apo or single substrate-bound states. As a result, the conformational changes in the enzyme upon substrate binding could not be elucidated. Moreover, the electron density was not well defined for the AlF 3 molecule which mimics the phosphoryl group in the transition state, as stated earlier [15] .
The present study reports a detailed investigation of the dynamic landscape of TMK catalysis from the hyperthermophilic bacterium Aquifex aeolicus. Xray crystal structures (resolutions in the range 1.55-2. 35 A) of the apo, substrate-bound, transition statelike, and product-bound forms of TMK from A. aeolicus (AqTMK) depict conformational substates along the reaction coordinate. The apo and single ligand-bound structures, along with the results from surface plasmon resonance (SPR), point to a random bi-bi binding mechanism of substrate binding. The transition state-like structure indicates an associative mechanism of phosphoryl transfer. Furthermore, the role of the Lid region in catalysis has been probed through a comparative analysis of the AqTMK structures and site-directed mutagenesis studies. Finally, the enzyme was found to exhibit broad specificity toward phosphate group acceptor nucleotides.
Results
TMK from A. aeolicus is a Type II enzyme where the P loop is devoid of any basic residue. Multiple sequence alignment showed that the enzyme has the conserved P loop (containing GX 1 X 2 X 3 X 4 GK(S/T) sequence motif), cis-Pro , and Lid region (Fig. 1A) . The sequence exhibits 42% and 32% sequence identities to the wellstudied Staphylococcus aureus TMK (StaphTMK) and HsTMK, respectively. showing the conserved sequence motifs (P loop, cis-pro'EP', DRX motif, and Lid region). The structure-based sequence alignment was performed using T-COFFEE program [44] and the output rendered by ESPRIPT server [45] . (B) Three dimensional structure of AqTMK. Cartoon representation of AqTMK monomer showing the functionally important motifs, namely, the P loop (red), DRX motif (blue), cis-pro 'EP' (brown), and the Lid region (orange). (C) Surface representation of AqTMK showing the sites for ATP (phosphoryl donor) and dTMP (phosphoryl acceptor) binding.
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Enzyme assays reveal that AqTMK can accept both purine (AMP) and pyrimidine (dTMP) as phosphate acceptors
All biochemical experiments were performed with recombinant AqTMK of high purity. Enzyme activity was measured under steady-state condition using a coupled enzyme assay with thermostable lactate dehydrogenase (Ldh) and pyruvate kinase (Pk) from Thermus thermophilus, similar to our previous study [16] . AqTMK was found to be optimally active at 80°C.
No activity was detected in the absence of Mg 2+ ion cofactor. Subsequently, enzyme activity assays were performed with different phosphate donor and acceptor nucleotides to probe the substrate specificity of the enzyme. Upon varying the phosphate donor with dTMP as phosphate acceptor, AqTMK showed maximum activity with ATP followed by TTP, guanosine triphosphate (GTP), and cytidine triphosphate (CTP ;  Table 1 ). Interestingly, among the phosphate acceptors, it showed maximum activity with dTMP, the natural substrate and a pyrimidine nucleotide, followed by significant activity with adenosine monophosphate (AMP), a purine nucleotide (Table 1) . This is the third reported instance of a TMK which shows activity in the presence of both purine and pyrimidine nucleotides as phosphate group acceptors, the other cases being homologs from Plasmodium falciparum (PfTMK) and Vaccinina virus (VTMK). [14, 17] Apo structures of AqTMK reveal an ensemble of conformations at the active site
The apo and different holo forms of AqTMK protein were all crystallized in the P1 space group (Table 2-4) except the ternary complexes with AMP-PCP and dTMP, and with adenosine diphosphate (ADP) and dTDP (P2 1 space group). The quaternary structure of AqTMK is an antiparallel dimeric assembly, similar to what has been observed in most of the TMK homologs [18] , and the overall TMK fold is conserved (Fig. 1B) . The core of the protein is formed by a five-stranded bsheet (b2-b3-b1-b4-b5) and surrounded by eight ahelices (a1-a8). The phosphate donor (ATP)-binding site consists of residues from the a6-helix, b5/a5 loop, P loop, and the N terminus of the Lid region, while the phosphate acceptor (dTMP) site is composed of residues from the DRX motif, a3 and a4-helices, and the b2/a2 loop (Fig. 1B,C) . The structures contain electron density for a bound phosphate ion, sulfate ion, and citrate ion respectively in the ATP-binding pocket.
Comparison of multiple three-dimensional structures of AqTMK (PDB id: 2PBR, 4S2E, 5H5B) revealed conformational flexibility of the residues in and around the active site ( Fig. 2A-C) , implying the existence of an ensemble of conformations in the apo form. An interaction network among Arg90 (DRX motif), Asp9 (P loop), and Tyr98 (a4-helix) is observed in some of these structures (e.g., PDB id: 4S2E). The corresponding structures can be denoted as a competent form, as the active site pocket is conducive for the proper positioning of the a-phosphate of dTMP (conformations depicted in 'cyan' in Fig. 2A ) [16] . However, in some of the other apo structures in the ensemble (e.g., PDB id: 2PBR, conformations depicted in 'magenta' in Fig. 2A ), Arg90 deviates from the catalytically favorable side chain conformation, moving away from the reaction center and interacting with Arg35 (b2/a2 loop) instead, resulting in a partially occluded active site (Fig. 2D) .
Single substrate-bound structures of AqTMK
Cocrystallization and flash soaking methods were employed using ATP and dTMP solutions separately to obtain a single substrate-bound form of AqTMK. These attempts resulted in a structure with interpretable electron density for a bound dTMP molecule (Fig. 2E) . The dTMP-binding site in the proteinsubstrate complex (PDB id: 5XAI) is highly similar (Ca rmsd: 0.32 A) to that in the competent apo form (Fig. 2F) ; however, side-chain conformational rearrangements are visible (Fig. 2G) . A conformational shift of Asp9 side chain by 3.8
A toward Tyr98 is observed, which is due to the electrostatic repulsion by the negatively charged a-phosphate of dTMP. Both residues are part of the conserved interaction network at the active site. The a-phosphate of dTMP is stabilized by three salt bridge interactions with Arg47 (a2-helix), Arg90 (DRX motif), and Arg145 (Lid region).
Attempts to obtain ATP-AqTMK complex resulted in a dataset with electron density of a bound ADP. However, the structure could not be refined with R free statistics below 35% and the electron density of only the backbone atoms in the Lid region could be traced. The Ca atom-based superposition of the dTMP-and ATPbound forms depict low root-mean-square deviation (RMSD) of 0. 45 A, implying overall structural similarity between the single substrate-bound forms of AqTMK.
Ternary complex structures depict conformational rearrangement of the Lid region
Cocrystallization trials yielded two structures of the ternary complex of AqTMK-one with electron density for bound AMP-PCP (nonhydrolysable analog of ATP) and dTMP (PDB id: 4S35, Fig. 3A) , and the other with ATP and cytidine monophosphate (CMP) (PDB id: 5H5K). However, the protein did not exhibit any activity with CMP. The overall structure of the protein in the ATP-CMP complex is similar to the dTMP-bound form. The phosphate atom in the cphosphate of ATP is at 3 A distance from the oxygen atom of a-phosphate of CMP.
The Lid region extends from residue Asn144 to Asn148 (five-residue long), as observed in the apo and single substrate-bound forms of AqTMK. In the AMP-PCP-bound structure, residues at the C-terminal end of a6-helix partially unfold, resulting in an elongated Lid region (from residue Leu140 to Asn148). Lid residues Arg145 and Phe146 are found to undergo conformational shifts by 12.3 and 17.7
A, respectively (Fig. 3B ) in the ternary complex. The interaction between Arg145 and the a-phosphate of dTMP is disrupted, while Arg145 forms hydrogen bonds with residues Leu50 and Glu60 in the a2 and a3-helices, respectively. The succeeding residue Phe146 assumes a buried conformation in contrast to the completely exposed state observed in all the apo and single substrate-bound structures. This conformational rearrangement of the Lid closes the top of the dTMPbinding site, forming a pocket surrounded by three aromatic residues (Phe64, Tyr98, and Phe146) of which Phe64 and Phe146 interact with the thymidine moiety of 
, where I i (hkl) is the ith observation of reflection hkl and 〈I(hkl)〉 is the average intensity over all observations.
dTMP via p-stacking interactions. Two alternate conformations (A and B) are observed for the a-phosphate of dTMP and Arg47 (Fig. 3A) . The salt bridge interactions of the a-phosphate of dTMP to Arg90 (DRX motif) and Arg47 are retained in conformation A. In contrast, the aphosphate swings away from the reaction center in conformation B and the salt bridge with Arg90 is lost. However, it retains the other salt bridge with Arg47, which displays a concerted movement by 2.7 A from its position in conformation A to avoid steric clash with the altered position of the a-phosphate.
Transition state-like complex and product-bound form of AqTMK AqTMK crystals were soaked in a solution of ADP, dTMP, and AlF 3 in the presence of Mg 2+ to obtain diffraction data for the transition-state structure of the enzyme. Structures of two complexes were determined -one with electron density for the bound ADP, dTMP, Mg 2+ ion, and three F À ions coordinated in a trigonal planar fashion with the Mg 2+ (Mg-F, PDB id: 5XB2, Fig. 3C ), and the other with ADP and dTMP (PDB id: 5XB3) present at the active site. In the first complex, the Mg-F is positioned between the ADP and dTMP moieties such that Mg 2+ is 2.8 A away from the a-phosphate of dTMP and 3. 4 A away from the b-phosphate of ADP.
In contrast to the partial unfolding and elongation of the Lid region observed in one of the ternary complex structures, the Lid is shortened in the Mg-Fbound structure and assumes a conformation similar to the one observed in the apo and single substratebound forms (Fig. 3D) . As a result, the interaction of the Lid Arg145 with the a2-helix is abrogated; instead, it comes within interaction distance of the F -ion. Moreover, multiple conformations of this Arg residue are observed in the ADP:Mg-F:dTMP and ADP: dTMP complex structures, where the guanidinium group is involved in hydrogen bonds with the two 
phosphates of ADP in one conformer and with the aphosphate of dTMP in the other conformer. The distance between P b (ADP) and P a (dTMP) atoms in ADP:dTMP complex is 6.1 A. Cocrystallization trials yielded the structure of AqTMK with bound ADP and dTDP molecules, representing the product-bound form of the protein (Fig. 3E) . The b-phosphoryl groups of both the donor and the acceptor nucleotides are in the coordination sphere of the Mg 2+ cofactor. The P b atom of ADP is 3. 6 A away from the oxygen atom of b-phosphate of dTDP. Arg145 in the Lid region exhibits reduced mobility and interacts with the phosphate groups of both the ADP and dTDP moieties.
Structures of AqTMK along the reaction coordinate show the development of an interaction network at the active site An overlay of the three-dimensional structures of TMK homologs (both the substrate and the product-bound forms) revealed a network of conserved interactions in and around the active site. This network involves residues from the P loop (X 2 residue), Lid (Arg), DRX motif (conserved Arg), b2/a2 loop (Arg), a2-helix (Arg), and an aromatic residue (Phy or Tyr) from the a4-helix. The bound substrates or products interact with all these residues, like a hub in the network (each interacting partner in a network is called node and a hub is a highly connected node) [19] . The series of AqTMK structures, starting from the apo form to the product-bound form, sheds light on the gradual formation of these interactions among the residues and bound ligand(s) in the different steps of catalysis. Subnetworks comprised of the active site residues, bound ligands, and their first nearest neighbors were extracted from the different AqTMK crystal structures The strengths of the interaction networks were compared by estimating the number of nodes (N) (residues and ligands) and edges (E) (interactions among different nodes in a network). Higher values of N imply an increase in the number of residues or 
ligands which are part of the network, while an increase in E indicates greater number of interactions. High E/N indicates enhanced interactions among the residues.
In the ensemble of conformations observed in apo AqTMK, the competent form depicts the presence of an interaction network (Fig. 4A ) among Arg90 (DRX motif), Asp9 (P loop), and Tyr98 (a4-helix). This results in a pocket suitable for the proper positioning of the a-phosphate of dTMP. Arg145 (Lid region) interacts with Asp9, thereby maintaining the interaction between the Lid and P loop. These interactions are disrupted in some of the other conformers in the ensemble as the side chains of Arg145 and Arg90 move away from the reaction center ( Fig. 2A) . Upon the binding of dTMP, salt bridges are observed between the a-phosphate of dTMP and Arg47 (a2-helix), Arg90 (DRX motif), and Arg145 (Lid region) (Fig. 4B) . The interaction between Arg145 and the P loop is disrupted in the ternary complex (Fig. 4C) ; the Lid becomes elongated, thereby enabling the interaction of Arg145 with the carbonyl oxygen of Leu50 (a2-helix) and the side-chain carboxyl oxygen of Glu60 (a3-helix). This results in the formation of a cavity lined by the aromatic residues where the thymidine ring of dTMP is snugly positioned. The conserved Arg90 of DRX motif forms two hydrogen bonds with the b-and c-phosphate groups of AMP-PCP in ternary complex, and a salt bridge with the a-phosphate of dTMP. In the transition-state mimicking structure, the Lid is refolded; the side chain of Arg145 gets oriented toward the reaction center and interacts with the bound Mg-F (Fig. 4D) . Finally, Arg145 is found to interact with the phosphate groups of both ADP and dTDP in the product-bound form (Fig. 4E) . A comparative study of subnetworks consisting of active site residues and their first nearest neighbors, from the different AqTMK crystal structures, depicts that the strength of the interaction network increases gradually from the apo to dTMP-bound and AMP-PCP-dTMPbound forms (Fig. 4F) . A stronger network is observed in the transition state-like structure, indicating tight binding during catalysis. The network parameters in the product-bound form are comparable with those of the transition state-like structure. This indicates that the product-bound form depicts a snap-shot of the active site immediately after the phosphate transfer reaction. A loosened network would otherwise indicate release of the product.
An interesting feature is the conformational rearrangement of the Lid region. Overall, the Lid can be said to exist in three distinct conformations-the 'out' state in the apo form where Arg145 does not interact with the P loop, the 'intermediate' state observed in the ternary complex where the Lid covers the top of the dTMP-binding pocket, and finally, the 'in' state where Arg145 interacts with the phosphate groups of the bound substrate or product molecules. Thus, Arg145 appears to play an important role in the function of AqTMK.
Kinetic parameters of apo and mutant AqTMK
To further probe the role of Arg145 in protein function, kinetic parameters of recombinant, AqTMK, and mutant variants, R145A and R145E, were determined using standard procedures. The experiments were performed at 80°C using ATP as the phosphate donor and dTMP as the acceptor nucleotide (Fig. 5A-E) . The phosphorylating efficiency (k cat /K m ) for dTMP was the highest in the recombinant protein, followed by the mutants R145A (4.13-fold reduction) and R145E (8.64-fold reduction). Of the two mutants, the crystal structure of R145E mutant (PDB id: 5XBH) was successfully determined for further analysis. Site-directed mutagenesis was also performed on conserved Arg90 of the DRX motif, which is known to play a critical role in catalysis [16] . R90A mutant protein was found to be inactive. Crystal structure of R90A resembled the apo protein. However, substrate-bound structures of the any of the mutants could not be obtained.
Dynamic behavior of AqTMK revealed by normalmode analysis
The Lid region in AqTMK undergoes large conformational changes from 'out' to 'in' states during catalysis. Such large-scale changes involve correlated movements of different sections of the protein, which were analyzed using normal-mode analysis (NMA) [20] . The major contribution to these motions is made by the lowest frequency modes. NMA analysis on apo AqTMK showed that the Lid and a2-helix, which are the most flexible regions in the protein, move in an overall anticorrelated fashion (Fig. 6A) . The slowest mode depicted the movement of the Lid toward the a2-helix (Fig. 6B) . NMA analysis was also performed on the ternary complex, wherein the Lid was shown to move toward the reaction center in the slowest mode (Fig. 6C) . Thus, the Lid in the apo structure shows a tendency to take up the 'intermediate' state (as observed in the ternary complex), while the Lid in the ternary complex shows a movement toward the reaction center. This reinforces the sequence of Lid movements, from 'out' to 'in' via 'intermediate', which are observed in the crystal structures. Finally, a summary of the catalysis by AqTMK is provided.
Structural basis for AMP phosphorylation
Broad specificity toward both purine and pyrimidine nucleotide acceptors have previously been observed in PfTMK and VTMK and can be explained by changes in residue interaction patterns. In the highly specific HsTMK, the rear of the acceptor-binding pocket is closed by hydrogen-bonded interaction between His69 (a3-helix) and Thr106 (a4-helix) and is further covered by the bulky Phe112 and Trp116. In VTMK, these residues are substituted such that no strong interactions are possible, resulting in a larger pocket where purine nucleotides can be accommodated. Similarly, neither hydrogen-bonded interactions between the equivalent residues (Leu61 and Gln99) nor bulky aromatic residues are present at the rear of the pocket in AqTMK. Secondly, a network of water molecules, strongly hydrogen-bonded via a Lys residue, is present at the top of the dTMP-binding pocket in HsTMK (Lys109). In PfTMK, this Lys is substituted by Ala (Ala111), resulting in a weaker water network which can be easily substituted to accommodate purine nucleotides [14, 18] . In AqTMK, an Ala residue is present in the equivalent position and no water network is observed, which also possibly results in the observed broad specificity toward the acceptor nucleotides.
Order of substrate binding
Single substrate-bound structures provide vital information about the order of substrate binding in multisubstrate catalysis. The overall structure of AqTMK is similar in the presence of only dTMP or ATP bound to the protein-in either case, the Lid region does not interact with the a2-helix to close the top of the dTMP-binding pocket, and the structure is 'globally open'. The binding of dTMP to the protein does not hinder access to the ATP pocket and an ATP molecule can be accommodated without any major structural changes. Similarly, the presence of two alternate conformers of dTMP in the ternary complex with AMP-PCP indicates that the binding of dTMP is not hindered in the presence of ATP. The a-phosphate of dTMP points away from the reaction center in 'conformation B' and subsequently Arg47 changes its conformation to avoid steric clash. This alternate conformation may be attained by dTMP while entering the active site in the presence of bound ATP (Fig. 3A) . These indicate that ATP and dTMP can bind to AqTMK (a Type II TMK) in a random bi-bi fashion.
To further substantiate the mode of substrate binding in AqTMK, SPR experiments were performed with both the substrates individually. The results showed the binding of ATP and dTMP alone at different concentrations, even in the absence of the other nucleotide (Fig. 7A,B) . A similar mechanism has been observed in the Type I TMK from mouse, as well as the AMK and GMK enzymes [21] [22] [23] .
Role of the Lid region in catalysis
Adenylate kinases and UMKs depict large-scale conformational changes between the Lid and the core domain [9, 12, 24, 25] upon substrate binding. Multiple arginine residues from the Lid, along with Mg 2+ ion and the P loop lysine, come closer to the reaction center to stabilize the transition state. A previous study on AMK found that the guanidinium group of arginine was particularly important for the phosphoryl transfer reaction [9] , as the enzyme activity was reduced upon mutation of the Lid arginine to lysine. Arginine residues in the Lid have also been shown to help in reducing the activation energy barrier for catalysis [26] .
Comparison of the structures of different TMK homologs reveals diversity in the location of the basic residues. E. coli TMK (ETMK), a Type II TMK, has two arginines in the Lid (Arg153 and Arg158) and none in P loop (Fig. 8A ). Arg153 interacts with the phosphate groups at the reaction center, while Arg158 interacts with the a2-and a3-helices to create the pocket around the phosphate acceptor site. Yeast TMK (YTMK), a Type I TMK, has one arginine in the P loop (Arg15) which interacts with the phosphate groups at the active site (Fig. 8B) , similar to the role played by Arg153 in ETMK. R15G mutant of YTMK showed a 200-fold reduction in enzyme activity. The Lid in YTMK contains only one arginine residue (Arg150), which is involved in pocket formation. AqTMK is a Type II TMK, with no arginine in the P loop. However, its Lid region contains only one arginine (Arg145). Therefore, Arg145 has two roles to play. Upon binding of substrates, it undergoes a conformational transition of 12.3 A and interacts with the a2-and a3-helices ('Lid intermediate' state). This creates a pocket around the phosphate acceptor site, enhancing the binding of dTMP and possibly preventing the reactants from being hydrolyzed. Subsequently, Arg145 undergoes a conformational transition of 15 A to assume the 'Lid in' state, where it can take part in the phosphoryl transfer reaction.
The importance of Lid arginine in AqTMK was later probed through site-directed mutagenesis. R145A and R145E mutants show approximately fourfold and 12-fold higher K m values for dTMP compared to the wild-type protein. This implies a reduced affinity toward dTMP, leading to the reduction of phosphorylating efficiency (k cat /K m ) by 4.13-fold and 8.64-fold in R145A and R145E mutants, respectively. The hydrogen-bonded interaction between the Lid and the a2-and a3-helices is disrupted in the mutants because of the loss of Arg145 side chain. As a consequence, the formation of the pocket around dTMP-binding site is disturbed and the affinity of the protein toward dTMP is reduced. The mutants lack one important guanidinium moiety around the reaction center during catalysis, resulting in the reduced phophorylating efficiency. Electron density for the side chain of Glu145 is clearly resolved in the crystal structure of the R145E mutant. The structure was similar to the apo form. However, Glu145 does not come within hydrogen bonding distance of the P loop (minimum distance between Asp9 and Glu145 is 5.8 A). The presence of a single Arg residue in the Lid region in AqTMK leads to a mechanistic variation in catalysis. To understand if this is unique to AqTMK, a search was conducted on Type II TMK sequences in the UniProt database. TMKs from several extremophiles (e.g., Su. tokodaii, Chlorobium tepidum, and Desulfotalea psychrophila) as well as from pathogens (e.g., Vibrio vulnificus, Clostridium botulinum, Haemophilus ducreyi, and Ralstonia pickettii) are found to carry a single Arg in the Lid. Thus, the Lid Arg residue may be playing a similar role in function across many TMK homologs. Interestingly, the presence of this feature in A. aeolicus and Su. tokodaii, which are present near the root of life [27, 28] , suggests that this feature may have been present in ancient organisms, Fig. 8 . Importance of arginine residues in TMKs. (A) ETMK has two Arg residues in the LID region of which Arg153 interacts with the phosphate groups at the reaction center, while Arg158 forms the dTMP pocket by interacting with the a2-and a3-helices. (B) YTMK has one arginine residue (Arg15) in the P loop which interacts with the phosphoryl groups of the substrates and plays a role similar to that of Arg153 in ETMK. A single Arg in the LID region (Arg150) forms the pocket at the dTMP-binding site.
and the presence of multiple Arginine residues in the Lid may have arisen due to evolutionary pressure.
Insights into phosphoryl transfer mechanism
The Mg-F moiety in the ADP-Mg-F-dTMP-AqTMK complex is a mimic of the phosphoryl group being transferred. However, electron density for Mg 2+ ion cofactor, which interacts with the phosphate groups of ADP, is not observed in this structure. Hence, this structure can be assumed as being close to the transition state (transition state-like structure). Insights into the mechanism of phosphoryl transfer (associative or dissociative) can be obtained from the transition statelike structure on the basis of atomic distances of the moieties at the reaction center and charge distribution around the active site.
In case of phosphate transfer via the associative mechanism, bond formation occurs between the incoming nucleophile (an oxygen atom from a phosphate of dTMP) and the attacked phosphorus atom (P c of ATP) prior to cleavage of the bond between P b and P c [29] , whereas bond cleavage precedes bond formation in the case of dissociative mechanism of transfer. Besides, the transferred phosphoryl group carries higher negative charge in associative transfer (PO The minimum distance between the oxygen atom of acceptor and the P c phosphorus of donor is found to be 3.0 A across the holo structures of AqTMK. This suggests that both the atoms come to an interacting distance, favoring bond formation, before the P b -P c bond is broken. The minimum distance between b phosphate (O1B atom) of ADP and a-phosphate (O2P) of dTMP is 4.8
A. This reveals that the phosphoryl group in the transition state would be within bond formation distance of both the acceptor and the donor, unlike in dissociative transfer. Moreover, in the Mg-F-bound structure, the distances between the Mg 2+ and the oxygen atoms of the neighboring phosphate groups (ADP and dTMP) are longer than a covalent bond but shorter than van der Waals interaction distance, indicating the possibility of bond formation between the transferred phosphoryl moiety and the two nucleotides. Finally, the presence of a large number of basic residues around the reaction center (Arg145 from Lid, Arg47 from a2-helix, Arg90 from DRX, and Lys13 from P loop) in the transition statelike structure, which can play a role in charge stabilization, indicates that phosphoryl transfer occurs via the associative mechanism in AqTMK, similar to what has been observed for UMK [29] .
Summary of AqTMK catalyzed phosphoryl transfer reaction
Our analyses have revealed how the different steps of TMK catalysis are driven by active site dynamics. The protein initially samples multiple conformations in the apo form. Substrate binding occurs via a random bi-bi mechanism to one of the suitable conformations in the ensemble. The Lid further undergoes a transition and forms a pocket around the acceptor nucleotide site (Lid 'intermediate' form) to enhance the binding in the ternary complex. In this conformation, Arg145 does not interact with the a-phosphate of dTMP. Fewer interactions with basic residues enhance the nucleophilicity of dTMP. Structures of the ternary complex of AqTMK also depict clear electron density for a bound Mg 2+ ion which is strongly coordinated to the b-and c-phosphate groups of ATP. This is expected to enhance the electrophilicity of the P c atom. Arg90, acting as a clamp, brings the c-phosphate of ATP and the a-phosphate of dTMP close together and aids in nucleophilic attack. Phosphoryl transfer then occurs via the associative mechanism. Three negative charges accumulate on the transferred phosphoryl group in the transition state. Consequently, basic residues Lys13 from P loop, Arg47 from a2-helix, Arg90 from DRX along with Arg145 from the Lid region move toward the reaction center (Lid 'in' form) to stabilize the transition state. Immediately after the chemical step, Arg145 maintains its interactions with the phosphate groups of ADP and dTDP. The interaction network at the active site would subsequently be disrupted to aid product release. Comparison with the product-bound form of HsTMK (PDB id: 1E2G) [15] shows that Arg90 (DRX motif) and Arg47 (a2-helix) would move away from the active site, loosening the active site network and aiding the product release.
In summary, the study reports the first structural and biochemical characterization of TMK from the hyperthermophilic eubacterium A. aeolicus. The protein depicted optimal activity at 80°C. It is also the third instance of a TMK which is active in the presence of both purine and pyrimidine nucleotides as phosphate acceptor. The structural basis of such broad substrate specificity may provide important insights for designing more selective inhibitors for TMKs.
The combination of apo and holo structures with clear electron density for the Lid region have helped in analyzing the conformational changes along the reaction coordinate, and point to the significance of active site dynamics in catalysis. Structural and biochemical studies revealed the importance of the Lid region, especially Arg145, in protein function. In contrast to previous studies, a single arginine residue (Arg145) has been found to play dual roles-enhancing the binding of dTMP in its pocket and interacting with the phosphate groups during the catalytic step. A similar mechanism may be followed by other TMKs from pathogens which have less arginine residues in the Lid region. Dissecting the different steps of TMK catalysis is important for the development of more potent inhibitors against such TMKs [30] .
Materials and methods
Cloning, expression, and purification of TMK from A. aeolicus
AqTMK gene was cloned in pET-21a vector and the resulting plasmid was transformed into the E. coli BL21(DE3) RIL strain. A single colony was inoculated for primary culture. One percent of primary inoculum was used for the subsequent secondary inoculation. The culture was grown overnight at 310 K in 2 L of Luria broth (LB) media with 100 lgÁmL À1 ampicilin and was harvested by centrifugation (16 888 g value for 2 min). The cell pellet was resuspended in a buffer of 20 mM Tris/HCl pH 8 and 50 mM NaCl and then lysed by sonication. The supernatant was obtained through centrifugation (4°C, 26 387.6 g value, 30 min) and heat treated for 13 min at 70°C. The soup with denatured proteins was subjected to centrifugation (4°C, 26 387.6 g, 30 min). The supernatant was desalted using a Sephadex G-25 (GE Healthcare Biosciences, Bangalore, Karnataka, India) column pre-equilibrated with 20 mM Tris/HCl at pH 8.0. Subsequently, the fraction was passed through a Sepharose Q anion exchange column (GE Healthcare Biosciences) equilibrated with 20 mM Tris/HCl buffer pH 8 and the protein was eluted using a linear gradient of 0-500 mM NaCl in 20 mM Tris/HCl pH 8.0.
Site-directed mutagenesis
Mutant proteins R90A, R145A, and R145E were generated by site-directed mutagenesis in the wild-type plasmid using the inverse polymerase chain reaction (PCR) with appropriate forward (Fwd) and reverse (Rev) primers (Table 5 ). The mutations were confirmed by DNA sequencing. The mutated variants were expressed and purified using the same protocol as mentioned for the wild-type protein.
Enzyme activity assays
AqTMK activity was studied using a coupled enzyme assay system [31] consisting of Pk and Ldh. Recombinant Ldh and Pk from T. thermophilus were used instead of the commercially available Ldh and Pk enzymes, so that high temperature could be attained during the experiment. The coupling enzymes were expressed and purified, and the assays were performed using the protocol described by Biswas et al. [16] . 0.1 mM donor (ATP, CTP, TTP, and GTP) and 0.5 mM acceptor (dTMP, UMP, CMP, AMP, and dGMP) nucleotides were used as substrates. Coupling enzyme amount and substrates were kept at concentrations above saturation to ensure that the AqTMK reaction is the only rate-limiting step in the assay. Enzyme activity was measured under steady-state conditions. Assays for the measurement of steady-state kinetics parameters were performed by varying the concentration of one nucleotide while keeping the other constant. V max (maximum initial rate of enzyme activity at saturating substrate concentration), K m (Michaelis-Menten constant, substrate concentration at half V max value), and the associated errors (standard deviation) were derived using standard 
Surface plasmon resonance experiments
Substrate binding assays were performed through SPR using a Biacore T200 instrument (GE Healthcare). AqTMK was immobilized on a CM5 chip through amine coupling using the coupling reagents 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and N-hydroxysuccinimide. Thereafter, ATP (62.5-1.9 lM) and dTMP (50-1.56 lM) were passed in serial dilution over immobilized AqTMK in running buffer HBS-EP+ [10 mM Hepes, 150 mM NaCl, and 0.05% surfactant P20 (vol/vol; pH 7.4)] with flow rate 50 lLÁmin À1 . The sensor chip was regenerated with 10 mM glycine (pH 2.0).
Responses at equilibrium were plotted as a function of ATP and dTMP concentration.
Crystallization, diffraction data collection, data processing, and structure solution
Crystals of apo AqTMK were grown using the vapor diffusion and microbatch under oil methods in different crystallization conditions (Table 6) Diffraction data were collected using synchrotron radiation at the European Synchrotron Radiation Facility (BM-14, ESRF), Grenoble and at SPRING-8 BEAMLINE BL26B2 and BL44XU, Japan. Datasets were also collected using Cu-Ka radiation at home source, located at Molecular Biophysics Unit, Indian Institute of Science, Bangalore. The datasets were processed using HKL2000 suite [32] and IMOSFLM [33] . SCALA [34, 35] was used to scale the data processed by IMOSFLM. The apo structure (PDB id: 2PBR) was solved by molecular replacement technique with TMK from St. aureus (PDB id: 2CCJ, 42% sequence identity) as a search model and using the program MOLREP [36] . The MR solutions were refined using CNS1.1 [37] , REFMAC [38] , and PHENIX.REFINE [39] with intermediate rounds of model building in COOT [40] . About 5% of the reflections were set aside at the beginning of the refinement procedure for the subsequent calculation of R free . Convergence of refinement was ascertained by monitoring the R-factors. The geometry of the refined models was analyzed using MOLPROBITY [41] .
Data processing and refinement statistics are provided in Table 2 -4. The atomic coordinates and structure factors of these three structures have been deposited in the RCSB Protein Data Bank.
Protein structure network
Protein structure network calculations on the structures of AqTMK were performed using RING-2.0 server [19] . The program identifies hydrogen bonds, van der Waals interactions, disulfide bridges, salt bridges, p-p stacking, and pcation interactions in both the apo and holo forms of the protein structures. Subnetworks comprising residues at the active site, ligands, and their first nearest neighbors were selected to calculate the number of edges (E), nodes (N), and edge to node ratio (E/N).
Normal-mode analysis
The conformational dynamics of AqTMk were analyzed by NMA using iMODS webserver [42] . In this method, the protein is modeled as a set of atoms connected by harmonic springs. The equations of motion are solved by diagonalising the second derivative of the potential energy function matrix (hessian). The normal modes are the eigenvectors of this matrix and the corresponding frequencies are given by the square root of the eigenvalues [43] . purification, and biochemical studies. AB performed crystallization, structure solution, and analyses. JJ helped in synchrotron data collection. AB and KS wrote the manuscript.
